The accessory gland proteins (Acps) of Drosophila have become a model for the study of reproductive protein evolution. A major step in the study of Acps is to identify biological causes and consequences of the observed patterns of molecular evolution by comparing species groups with different biology. Here we characterize the Acp complement of Drosophila mayaguana, a repleta group representative. Species of this group show important differences in ecology and reproduction as compared to other Drosophila. Our results show that the extremely high rates of Acp evolution previously found are likely to be ubiquitous among species of the repleta group. These evolutionary rates are considerably higher than the ones observed in other Drosophila groups' Acps. This disparity, however, is not accompanied by major differences in the estimated number of Acps or in the functional categories represented as previously suggested. Among the genes expressed in accessory glands of D. mayaguana almost half are likely products of recent duplications. This allowed us to test predictions of the neofunctionalization model for gene duplication and paralog evolution in a more or less constrained timescale. We found that positive selection is a strong force in the early divergence of these gene pairs.
A CCESSORY gland proteins (Acps) are secreted by the accessory glands of Drosophila males during insemination and perform fundamental roles in reproduction, being essential for egg fertilization (for reviews, see Wolfner 2002 and Chapman and Davies 2004) . Comparisons between Drosophila simulans and D. melanogaster orthologs showed that Acps on average have two times more replacement substitutions than non-Acp genes (Swanson et al. 2001) . Rapid evolution and high turnover rates of Acps result in the observation that the more phylogenetically distant two species are, the more difficult it is to identify Acp orthologs in their genomes (Haerty et al. 2007) . For example, of 52 Acps identified in D. melanogaster, only 29 had detectable orthologs in the D. pseudoobscura genome (Mueller et al. 2005) , while all 52 Acps are present in D. simulans, a species closely related to D. melanogaster (but see also Begun and Lindfors 2005) . These and other studies on the melanogaster and pseudoobscura groups showed that Acps are frequently subject to gene duplication and gene loss (Begun and Lindfors 2005; Wagstaff and Begun 2005a) .
The melanogaster group, on which most of the Acp studies have been focused, represents only a small sample of the Drosophila genus. Drosophila encompasses a large number of species with a great diversity of ecologies, reproductive strategies, and developmental pathways. More recently, an expressed sequence tag (EST) study was done to identify the Acps of D. mojavensis (Wagstaff and Begun 2005b) , a species of the repleta group. This group belongs in a different subgenus of Drosophila than the other species studied thus far (Throckmorton 1975) . The repleta group represents one of the biggest radiations in the genus Drosophila (Durando et al. 2000) . The species in this group have a very different reproductive biology as compared to the melanogaster group flies. Higher remating rates, frequent formation of an insemination reaction that prevents remating for a few hours, and high levels of seminal fluid absorption by the female are some of these differences (Markow and Ankney 1988; Pitnick et al. 1997; Knowles and Markow 2001) . One question that arises is whether the Acp complement can account for these differences. Wagstaff and Begun (2005b) results confirm some of the previous findings in other Drosophila species, such as a high evolutionary rate of Acps as compared to non-Acp genes (in this case, testis expressed genes). Nevertheless, since accessory glands were not dissected separately in that study, it was not possible to make a thorough comparison of the D. mojavensis Acp complement with that of other Drosophila species.
To further understand the nature and evolution of Acps in the repleta group, we developed a cDNA library of accessory glands for D. mayaguana, a species in the same cluster (mulleri) as D. mojavensis. This allowed us to make not only nucleotide sequence comparisons between the two species but also comparisons of expression data. In particular, the availability of these new data allowed us to test hypotheses concerning phylogenetic relationships of orthologs and paralogs of Acps, neofunctionlization of duplicated Acps, and the general role of reproductive biology in molding the molecular evolution of these proteins. We demonstrate here that very general statements about the evolution of these proteins can be made and that the potential for more specific tests of hypotheses to clarify and explore the molecular evolution of these proteins can be realized by changing the scale of the targets of the analysis.
Our results indicate that Acp functional categories in the repleta group are not as divergent from the melanogaster group Acps as suggested by previous studies. Acps in the repleta group are subjected to the same molecular mechanisms and evolutionary processes as in other Drosophila groups. Nevertheless, molecular evolutionary analysis of D. mayaguana Acps confirmed and extended to other species the finding that evolutionary rates of Acps are considerably faster in the repleta group than in the melanogaster group (Wagstaff and Begun 2005b) .
A large number of D. mayaguana Acps were found to be the product of recent gene duplications. We used the data generated on gene families together with sequence data available for other members of the repleta group to address hypotheses concerning the evolution of duplicated Acp genes. We tested predictions of the neofunctionalization hypothesis (Ohno 1970 ) for the maintenance of duplicated genes and found that duplicated Acps conform to many of the predictions made by this hypothesis.
MATERIALS AND METHODS
Cloning D. mayaguana Acps: A cDNA library from accessory glands of D. mayaguana was made using a subtraction protocol to enrich the library for male-specific genes. Expression specificity of ESTs was further checked with a dot-blot procedure using whole-female cDNA as probe. All molecular methods (RNA extraction, cDNA synthesis, library construction, dot blotting, and DNA sequencing) are described in detail in Almeida (2007) and in supplemental text 1.
Library characterization: Estimates of the total number of genes expressed in the accessory glands of D. mayaguana were obtained by fitting a Poisson model to the distribution of the number of clones in the library per unique sequence. This analysis was done with the program ESTstat 1.0 (Wang et al. 2004) . The same method was used to estimate the total number of Acps.
Gene characterization: cDNA sequences were translated in all six frames and all possible open reading frames (ORFs) were characterized. The presence of a signal peptide, a marker of secreted proteins, was verified by evaluating the parameters S-mean and D-score in the neural-network model, and the probability of having a signal peptide as estimated using a hidden Markov model, in all cases as estimated with the program SignalP 3.0 (Bendtsen et al. 2004) . Functional protein domains were identified by using the CD-search online tool and the Conserved Domain Database [(CDD), National Center for Biotechnology Information (NCBI)], which includes domains from other databases such as Pfam, SMART, and COGs.
Criteria for Acp status: The term ''Acp'' is employed to designate genes that are expressed exclusively (or mostly) in the accessory glands and are secreted to be part of the seminal fluid. Some cDNA sequences obtained in a tissue-specific library may represent genes that are expressed in other organs as well or housekeeping genes, such as ribosomal proteins, that cannot be classified as Acps. Taking into account several possible methodological biases (Swanson et al. 2001) , we relied on the following set of criteria to decide if a D. mayaguana transcript should be classified as an Acp: (1) a high probability of a transcript being homologous to a gene identified as Acp in other Drosophila species on the basis of the results of BLAST searches; (2) negative dot-blot results; (3) the presence of a signal peptide; and (4) CDD-predicted protein function usually associated with Acps, such as lipases and serine protease inhibitors (Mueller et al. 2004) . Criterion 3, the presence of a signal peptide, was relaxed when the beginning of the coding region could not be accurately identified (e.g., no stop codon was detected upstream from the first methionine).
Nomenclature: D. mayaguana transcripts that matched an EST identified in the male reproductive tract D. mojavensis library were named with the same number but with the prefix mayAcp. In this way, the ortholog of Acp1 in D. mojavensis was named mayAcp1 and so on. D. mayaguana transcripts without a D. mojavensis ortholog were numbered consecutively from 54 (the number of unique ESTs found in the D. mojavensis reproductive tract library) on. D. mayaguana transcripts that were not classified as an Acp according to the criteria listed above received only the prefix may (not followed by Acp) and a number. When two or more D. mayaguana transcripts seemed to be orthologous to the same D. mojavensis genomic region (paralogs resulting from a duplication that probably happened after the split of the two lineages), they received the same number and a letter starting from a.
Homolog searches: Drosophila ortholog searches were carried out using tblastx and the newest assembly of the genomes of 12 Drosophila species available at the DroSpeGe website (http:/ /insects.eugenes.org/species/blast/). Only sequences with an E , 1e À05 were considered potential orthologs. All ESTs were also compared to the NCBI database using blastn and tblastx (Altschul et al. 1990) in searching for similar annotated genes in Drosophila and other organisms, also using a threshold of E ¼ 1e À05 . To look more specifically at similarity with Acp genes of other Drosophila species, three databases were assembled using sequences available from GenBank (NCBI). The first one contained 40 D. melanogaster mRNA sequences, ranging in size from 80 to 2855 bp and representing 32 different genes that had been classified as Acps. Some of these sequences were obtained in a cDNA library (Mueller et al. 2005 ) and the remaining were annotated from the genome on the basis of previous knowledge of the gene or characterization in other studies (Begun and Lindfors 2005) . The second Acp database included all the 239 cDNA sequences obtained in an accessory gland cDNA library of D. simulans, with lengths ranging between 28 and 746 bp (Swanson et al. 2001) . The third similarly included all other 361 sequences obtained by Wagstaff and Begun (2005b) in two D. mojavensis cDNA libraries: one from the entire male reproductive tract and the other from testis only. These 361 D. mojavensis sequences represent 172 unique ESTs, ranging from 81 to 936 bp, among which 118 were found in the testis library. Among the reproductive-tract unique ESTs, 24 were classified as Acp on the basis of tissue expression profiles by Wagstaff and Begun (2005b) . Since this database is limited and the best hit in it may not be the best hit in the D. mojavensis genome, before suggesting orthology we checked whether the D. mayaguana query had the same best hit in the genome as compared to its corresponding D. mojavensis Acp best hit. Finally, to determine whether there were novel gene families within D. mayaguana, each sequence obtained in the accessory gland library was used as query in searches against all other sequences similarly identified. All the searches using Acp databases were locally run using both blastn and tblastx.
Molecular evolutionary analyses: Alignments of potential homologs were done using MAFFT v5.861 (Katoh et al. 2002; Katoh et al. 2005) , followed by inspection and manual adjustment of codon alignment of gaps using MacClade v4.08 (Maddison and Maddison 2000) . For clusters including four or more homologs, maximum-likelihood phylogenetic analyses were run on Paup* 4.0b10 (Swofford 2003) , using the GTR 1 G model. An initial tree was generated using maximum parsimony and likelihood parameters were estimated from the data. Maximum-likelihood trees were obtained with five replicates of random stepwise addition. Pairwise d N /d S estimates were obtained with both the Nei-Gojobori (NG; Nei and Gojobori 1986 ) and the maximum-likelihood estimate (MLE; Yang et al. 1998 ) methods, using the program codeml included in the PAML v3.15 package (Yang 1997) , by choosing M0 (Nsites ¼ 0). The latter model (MLE) estimates v, an estimator of d N /d S that accounts for transition/transversion rates and codon bias. For gene families including four or more sequences, the site models M1, M2, M7, M8, and M8a were used in tests for positive selection using codeml (Yang and Bielawski 2000; Swanson et al. 2003; Wong et al. 2004; Yang et al. 2005) . In all tests we used the default initial values of v (0.4), since it seems not to affect the results of the tests employed (Schully and Hellberg 2006) . Statistical tests were performed by comparing the model likelihoods using the likelihood-ratio test (LRT).
RESULTS
Characterization of D. mayaguana Acps: Of the 600 clones that we sequenced, 91 potential unique Acp sequences (excluding alternative splicing forms) were found with an average length of 467 bp and ranging from 133 to 1229 bp (supplemental Table 1 ). The range and average of transcript length were similar to those obtained in accessory gland cDNA libraries of other Drosophila species (Swanson et al. 2001; Wagstaff and Begun 2005a) , suggesting that the protocols used here did not affect library results in these matters. By fitting a Poisson model to the distribution of the number of clones per transcript, we estimated the total number of genes expressed in the accessory glands of D. mayaguana males to be 133. Considering the available information on all four Acp criteria, the final tally was 54 Acp candidates (supplemental text 2 and supplemental Table 1 ). Using this number of candidates, we estimated that the total number of Acps in this species is $70 genes.
The results of tblastx searches using the 12 Drosophila genomes available (supplemental Figure 1) showed, as expected, that cross-species sequence conservation of Acps is highly influenced by phylogenetic relationships.
The best hit was almost always in D. mojavensis and the second best in D. virilis, with a significant increase in Evalues in the remaining species that did not differ much from one another in general (supplemental Table 2 ). Considering a cutoff value of E ¼ 1e À05 in tblastx and blastn searches, 87 of the 91 D. mayaguana transcripts had hits in D. mojavensis. This number drops to 39 in D. virilis and, in the remaining species, it ranged from 30 to 36 (supplemental Figure 1) . About 35 (38%) transcripts did not have any hits in Drosophila genomes other than that of D. mojavensis. Most transcripts that were similar to annotated genes in the NCBI database had their best hits in Drosophila, many of which with unknown function (supplemental Table 2 ).
Conserved protein domains: More than two-thirds (61/91) of the sequences retrieved in the cDNA library of D. mayaguana accessory glands did not match any conserved protein domain in the databases when translated (supplemental Table 1 ). The remaining sequences matched 16 different domains. Among these matches, there were some domains normally found in Acps, domains that are expected in proteins of the accessory glands (although not directly related to reproduction), and domains that had never been reported among Acps. Among the first group, the most common domains matched were protease inhibitors (12 ESTs) belonging to two different families: Kazal-type serine protease inhibitor (9 ESTs) and BPT1/Kunitz-type serine protease inhibitor (3 ESTs). In addition to these, other domains commonly found in Acps included proteases (one serine protease and one metalloprotease), C-lectins (one), lipases (two), and cysteine-rich secretory proteins (CRISP, four). One transcript had a lysosomal thiol reductase domain. Although this domain has not been found in Acps of other species, it is related to the thioredoxins, a family that includes two D. melanogaster Acps (Mueller et al. 2004) .
Domains that would be expected in Acps, although not directly related to reproduction, include a signal peptidase (SPC12) and an endoplasmatic reticulum protein domain (PDIa) usually found in organs with high secretory activity. Although ribosomal proteins are quite ubiquitous and have often been found in accessory gland libraries (Swanson et al. 2001; Wagstaff and Begun 2005b) , only one sequence in the D. mayaguana library had a fragment encoding a domain of this type. This lack of ribosomal proteins is probably a result of the subtraction procedure and evidence of its success in reducing the number of housekeeping genes in the cDNA pool. One domain that has never been found in other Drosophila Acps, a fibrinogen-related domain (FReD), was found to be encoded by two transcripts that were among the most common in the library (mayAcp64 and mayAcp75).
Comparison to other Drosophila Acps: In the searches using D. simulans and D. melanogaster Acps as the database, 11 D. mayaguana sequences had a hit. These hits included the Acps lectin46Cb, CG10284, CG14034, CG17097, Acp53C14c, and Acp24Aa. Some of these Acps have very conserved sequences and likely orthologs in all 12 Drosophila species with genome sequences available. For others, with intermediate E-values, the matching was probably due to the presence of gene regions encoding for the same protein domain and may not necessarily indicate orthology (supplemental Table 2 ).
While the genomic searches showed that 87 of 91 D. mayaguana ESTs had a hit in D. mojavensis, only 28 showed likely orthology (see materials and methods) to a D. mojavensis Acps (supplemental Table 3 ). Some of these 28 ESTs had the same hit in the D. mojavensis Acp database, suggesting gene duplications in the D. mayaguana lineage (Table 1) . Most D. mayaguana transcripts with a D. mojavensis Acp ortholog had other evidence suggestive of an Acp status (Table 1; supplemental Table 3 ).
The D. mojavensis Acp database also included sequences that were not considered Acps by their authors' criteria, although they were obtained in the same reproductive-tract cDNA library as the Acps (Wagstaff and Begun 2005b) . Only one D. mayaguana transcript showed likely orthology to a gene in this category, moj44 (Table 1) . However, the exclusion of moj44 from the Acp set by Wagstaff and Begun (2005b) was based on lack evidence for inclusion according to their Acp criteria. Their main criterion for Acp status was an at least fivefoldhigher expression in the accessory glands as opposed to testis and nonreproductive tissues. These data, obtained by quantitative PCR, were not available for moj44. Nevertheless, moj44 has a predicted signal peptide (as determined by all three statistics used in program SignalP; supplemental text 2) and is similar to a D. melanogaster Acp (supplemental Table 2 ). Therefore, we suggest that moj44 as its D. mayaguana ortholog mayAcp44 should be classified as Acps. Similarly, we suggest an Acp status for moj37, a very abundant transcript in the Wagstaff and Begun (2005b) library that contains a lipase domain, commonly found among Acps.
No clear correlation was detected between the number of clones and expression levels as measured by quantitative PCR by Wagstaff and Begun (2005b) in D. mojavensis. Since we do not have quantitative PCR data for D. mayaguana, direct comparisons of expression are not possible. Looking at the quantitative PCR data, we observe that eight of the D. mojavensis Acps with the highest expression levels in the accessory glands had orthologs in D. mayaguana (in order: Acp3, Acp7, Acp11, Acp5a, Acp1, Acp19, Acp45, and Acp2). On the other hand, Acp48 was also highly expressed in D. mojavensis but did not have an ortholog in the D. mayaguana library. Among the D. mayaguana ESTs with many clones, only two, mayAcp64 and may75 (39 and 10 copies, respectively), did not have hits in the D. mojavensis library.
Molecular evolution of D. mayaguana Acps: To investigate whether D. mayaguana Acps show rapid evolution and divergence patterns as a result of evolution by positive selection, we estimated the ratio of replacement to synonymous substitution rates in comparisons with D. mojavensis orthologs. ORF alignment was possible for 13 D. mayaguana Acps with an Acp ortholog in D. mojavensis (Table 2) . The results obtained with the two different methods used (NG and MLE) are in general agreement, although MLE estimates tended to be a little larger (Table 2) .
Of 13 ortholog pairs, we found d N /d S . 1 in 7 cases with an overall average of 1.25 (MLE). The theoretical threshold for determining whether a gene is under positive selection is d N /d S . 1. However, it is known that, due to substitution rate heterogeneity across sites, even genes with d N /d S , 1 may have some sites with adaptive evolution. As a matter of fact, d N /d S . 0.5 has been suggested as a more realistic cutoff on the basis of a compilation of published results of site model tests (Swanson et al. 2004) . Among the Acps analyzed here, only mayAcp44 
The first column shows all the ESTs classified as Acps by their authors (Wagstaff and Begun 2005b ) plus the only other EST hit by a D. mayaguana transcript in the database (moj44).
a Smallest E-value when there were several hits. Wagstaff and Begun (2005b) Gene families: In the BLAST searches for identifying gene families among the unique D. mayaguana accessory gland ESTs, we found that 46 ESTs had at least one hit (E , 1e
À10
) to other D. mayaguana's EST. The average length of these duplicated transcripts was significantly smaller than the average of nonduplicated sequences (ttest, t ¼ À2.825, P ¼ 0.006), in accordance with previous findings that shorter genes are more often duplicated (Nembaware et al. 2002) . On the basis of the results of the BLAST searches, these 46 sequences can be arranged into 13 clusters or gene families (cluster 1-13 in Table 3 ), in which each member hit all or almost all the other members in its cluster.
Most paralogs in a same cluster had their best BLAST hit to the same locus in the D. mojavensis genome. This It is interesting to note that all clusters but one included sequences that were classified as Acp. Three of the clusters detected here had also been detected in D. mojavensis, including those of Acp16 (cluster 7), Acp5 (cluster 12), and Acp1/Acp2/Acp25 (cluster 11) (Wagstaff and Begun 2007 ). Here we observed, in addition, that Acp16 has similarity to Acp24 and that Acp5 has similarity to Acp23. Further details on these and other D. mayaguana gene families are described in supplemental text 3. Evolution of duplicated Acps in the D. repleta group: One pattern that often appears in theoretical models and empirical analyses of gene families is that, at some point after duplication, paralogs experience relaxed or positive selection (Castillo- Davis et al. 2004; Jordan et al. 2004; Lynch and Katju 2004) . This post-duplication selection contrasts with a more constrained regime of purifying selection that acts on most sites of coding genes (e.g., D. melanogaster 3 D. yakuba non-Acp genes have an average d N /d S ¼ 0.082; Mueller et al. 2005) . To investigate whether the post-duplication pattern is also observed in duplicated Acp genes in the repleta group, we estimated d N /d S between paralogs. We expected that if duplicated Acps follow the pattern, d N /d S should be $1 in most of the paralog clusters. This analysis was carried out for 14 gene families, including 12 described here (cluster 6 was not included in the analysis because it was the only one that did not have any members classified as Acp) and two D. mojavensis Acp paralog pairs (Table 4  and Table 5 ; alignments used are available upon request).
Of the 11 clusters with up to three members, 10 showed MLE results compatible with relaxed or positive selection (d N /d S $ 1) for at least some of the paralog comparisons within the cluster (Table 4 ). The NG method corroborated these results for seven clusters. Positive selection is very likely acting on clusters 4 and 8, which showed about three times more nonsynonymous changes as compared to synonymous changes between paralogs. In almost all D. mayaguana Acp clusters with d N /d S . 1 (Table 4) , duplication is likely to be recent as suggested by the coincident location of their best hits (from the BLAST searches) in the D. mojavensis genome (Table 3 ). This would imply that relaxed/positive selection occurs soon after Acp gene duplication. Accordingly, among the clusters with up to three members, the cluster with lower d N /d S (cluster 1) was the only one in which duplication most probably occurred before the split of the D. mojavensis and D. mayaguana lineages.
We also obtained d N /d S for genes in clusters with more than three members. For these clusters, an increased number of sequences allowed for statistical tests for positive selection on the basis of site models (Yanget al. 1998; Yang and Swanson 2002) . Although cluster 7 composes only two genes in D. mayaguana, it was also tested because orthologs were available for D. mojavensis (Acp16a, Acp16b, and Acp24) and for D. arizonae (Acp16b). The results of the tests are shown in Table 5 . Strong statistical support was obtained for the presence of positively selected sites in genes in clusters 7, 12, and 13. Cluster 13 was the only group included in the site model tests that had a region encoding a conserved protein domain. Of its 15 sites in this sequence, with a posterior probability of P . 0.95 of being under selection, 7 are within the region encoding a conserved protease inhibitor domain.
Cluster 11, which includes four D. mayaguana Acps, showed contrasting results with the remaining clusters. Cluster numbers correspond to D. mayaguana clusters in Table 3 . Acp16a/b and Acp27a/b are D. mojavensis gene clusters. bp, number of sites in the alignment before and after gap deletion (in parentheses). N, number of sequences in the cluster; NG, Nei-Gojobori method; MLE, maximum-likelihood estimate. For cluster 9, the analysis included only the two most similar sequences because the third sequence was too divergent and alignment of ORFs did not seem reliable. The symbol ' means that d S ¼ 0 and therefore it is not possible to calculate d N /d S .
The overall v among paralogs in D. mayaguana was 0.689, among the lowest in D. mayaguana paralog comparisons. To obtain a more accurate test for positive selection in genes of cluster 11, we included the sequences of homologs in D. mojavensis, D. arizonae, and D. mulleri in these analyses. Both the comparisons of M1 3 M2 and M7 3 M8 did not support the presence of sites evolving under positive selection (Table 5 ). This gene family has Acp orthologs in all Drosophila species that are always found in duplicates (Wagstaff and Begun 2005a ; see supplemental text 3). This pattern of conservation indicates strong evolutionary constraints. Contrary to the general pattern (see below), orthologs in this cluster (mean v 6 standard deviation ¼ 0.846 6 0.232) seem to be diverging faster than paralogs (v ¼ 0.409 6 0.310).
Trends in Acp gene family evolution: Two main models have been proposed to explain the retention of paralogs after a gene duplication event: neofunctionalization and subfunctionalization (reviewed in Lynch and Katju 2004) . These two models have very different predictions concerning evolutionary forces acting on the duplicated gene copies. In the subfunctionalization model, the duplicates accumulate degenerative mutations in different parts of the gene (Force et al. 1999; Prince and Pickett 2002) . In this way, different independent subfunctions acquired by the ancestral gene will be divided between the two new copies. This can lead to differential expression patterns (a case that does not apply to Acps) or to complementary rescue of the ancestral function by the combined action of the gene duplicates. The subfunctionalization model does not require positive selection for the maintenance of the two gene copies, but rather predicts that these two copies, or at least part of them, will be under purifying selection (Lynch and Katju 2004) .
The neofunctionalization model (Ohno 1970) suggests the gain of a new function by one of the paralogs as a consequence of accumulated mutations, while the other copy retains the ancestral function. The evolutionary forces involved in the gain of a new function by one of the duplicates lead to specific predictions of nucleotide substitution patterns. One of these predictions is asymmetric evolution of paralogs, assuming that one paralog will have evolutionary constraints related to the maintenance of the original function of the duplicated gene. To test this prediction, we compared the d N /d S ratios of five D. mayaguana and one D. mojavensis paralog pair in relation to an ortholog (Table 6 ). Except for one comparison (mayAcp67), in all other pairs the evolutionary rate differences were .60%.
Another prediction of the neofunctionalization model is that, while paralogs in the same genome will have relaxed or positive evolution, orthologs will evolve more slowly due to functional constraints. In this way it is expected that d N /d S between paralogs will be higher than the same ratio between orthologs. We compared between-paralog with between-ortholog ratios using each of the duplicates (paralog 1 and paralog 2) and the average of these ratios (Table 6 ). These comparisons showed that d N /d S was significantly higher between paralogs than between orthologs in comparisons including the slower-evolving paralog or the average of the paralogs' d N /d S (Wilcoxon signed-rank test, one tail, P ¼ 0.015). This result is in agreement with differential evolutionary constraints among paralogs. lnL, log likelihood of null and alternative hypothesis; LRT, likelihood-ratio test; BEB, number of sites with P . 95% to be under positive selection by the Bayes empirical Bayes estimate (in parentheses, number of sites with P . 99%); v 2 , average v of the class of sites with v . 1 (class 2); p 2 , proportion of sites in class 2.
We observed a trend of decreasing d N /d S in ortholog comparisons (OP1 and OP2 in Table 6 ) with increasing d S between paralogs, a rough estimate of paralog age (P1P2 d S in Table 6 ). This correlation was nonsignificant (P ¼ 0.15), probably as a consequence of the small number of comparisons. Nevertheless, the trend is in accordance with the adaptive evolution of paralogs soon after duplication that affects ortholog divergence. However, this effect on ortholog divergence seems to be transitory. Accordingly, we did not find a difference in ortholog d N /d S ratio between genes with and without a paralog (Wilcoxon rank-sum test: P ¼ 0.792; genes used in the analysis are the ones in Table 2 ).
DISCUSSION
Drosophila Acps have become a model for molecular evolutionary studies. The interest in these proteins in large part is due to their rapid evolutionary rates in terms of nucleotide substitution, gene duplication, and gene turnover (Swanson et al. 2001; Holloway and Begun 2004; Begun and Lindfors 2005; Mueller et al. 2005; Haerty et al. 2007) . The availability of several Drosophila genome sequences and the ability to selectively add critical taxa to a study, such as D. mayaguana, allow for more precise testing of hypotheses about the evolutionary dynamics of these diverse proteins in both a phylogenetic and a functional context.
Here we address three main questions on the repleta group Acps. First, we checked whether the high rates of protein evolution previously observed in D. mojavensis and its sister species could be extended to other, more distantly related members of the repleta group. This is an important question since it may help in identifying the biological causes for the observed evolutionary pattern. Second, we addressed the possibility of functional divergence of the Acp set between the repleta and melanogaster groups and, therefore, whether functional divergence could be related to the reproductive differences between the two species groups. Finally, we took advantage of the considerable number of recently duplicated D. mayaguana Acps to determine whether the maintenance of these genes could be explained by the neofunctionalization hypothesis.
Reproductive biology of flies and the evolution of Acps: One of the motivations for studying Acps in a species of the repleta group was to provide data for comparison between the Drosophila groups with different biologies. In this case, a pertinent question is whether the reproductive strategy differences observed between the melanogaster and the repleta group could be associated with particular characteristics of the Acp set. Theoretical explanations for the evolutionary patterns observed for Acps rely on selective forces that originate in the interactions between male and female reproductive molecules after copulation. Higher remating frequency increases the chance of occurrence and the intensity of these interactions. Therefore, it was expected that higher remating rates would lead to faster evolutionary rates in Acps. Here we provide support for this hypothesis by revealing further evidence of (at least twofold) higher d N /d S ratios in Acps of species of the repleta group as compared to the melanogaster group (Mueller et al. 2005) . Although more difficult to compare between groups, our data also suggest high turnover rates and differences in gene expression level between repleta species that diverged relatively recently, i.e., $10 million years ago (Russo et al. 1995) .
What causes the extremely fast evolutionary rates observed in Acps of the repleta group? A likely hypothesis is that higher remating rates increase selective pressure on sperm and accompanying substances through sperm competition and male 3 female antagonistic coevolution (Wagstaff and Begun 2005b) . Alternative explanations include ecological and demographic differences between the two groups. While differences in demographics are difficult to quantify and there are no reliable estimates for the species discussed here, it could be expected that the desert Drosophila of the repleta group have smaller populations and are more prone to O, ortholog; P1, paralog 1; P2, paralog 2. a Predicted genes based on ORFs identified in the highly similar (likely orthologous) D. mojavensis genomic region; the second BLAST hit had a much higher E-value.
b In the absence of orthologs equally distant from mojAcp16a/b, we used comparisons with another, more distant paralog.
population fluctuations due to their ecological specialization (Wasserman 1982) . Population size does not exert a large influence on the probability and time of fixation of new advantageous mutations, but it significantly affects the chances of fixation of neutral or quasineutral mutations due to genetic drift (Ohta 1973 (Ohta , 1993 . Therefore, smaller population sizes in the repleta group could alternatively explain the higher d N /d S estimates observed. Demographic factors, however, would affect the genome as a whole and not only Acps. Further studies on non-Acp genes of the repleta group will shed light on these hypotheses.
Acps in the repleta group: Wagstaff and Begun (2005b) , on the basis of a subset of the D. mojavensis Acps, suggested that Acps in the repleta group were functionally divergent from Acp genes in the melanogaster group. Their suggestion was based on the low incidence in the D. mojavensis male reproductive tract library of ESTs carrying encoding regions of protein domains usually found in Acps of other Drosophila groups, such as protease inhibitors, lipases, and proteases (Mueller et al. 2004) . The more comprehensive accessory gland library obtained for D. mayaguana does not support a major functional divergence of the repleta group Acps. Among the D. mayaguana ESTs, 30% of the Acp genes had a region encoding for one of these three domains, in addition to other domains that were also found in the melanogaster group Acps, including C-type lectin and CRISP. Our results, however, are in agreement with those of Wagstaff and Begun (2005b) in that many of the transcripts identified in the D. mayaguana accessory glands have unknown function. In fact, this pattern is a general characteristic of the Acp sets of all the Drosophila species studied so far.
Although some differences in the number of genes in each functional class were observed (e.g., D. mayaguana has more protease inhibitors and fewer lipases as compared to D. melanogaster), it is difficult to assess their significance and whether they could be associated with differences in reproductive biology between the two groups. The most striking result of functional difference is the presence among the D. mayaguana Acps of two transcripts, both with a high number of clone copies, carrying a gene region encoding for a FReD domain. This domain, which has never been found in Acps, is involved in the formation of blood clots in mammals. It is possible that these proteins are involved in the formation of the vaginal mass, common to species of the repleta group, but absent from the melanogaster group. Nevertheless, the vaginal mass is also observed in D. mojavensis, but no Acp containing this motif has been detected in this species.
An interesting result was the low similarity between the D. mayaguana and the D. mojavensis Acp sets despite the close relationship of the two species. Since 95% of the D. mayaguana transcripts seemed to have an ortholog in the D. mojavensis genome, these library differences would be mostly due to differences in expression. According to the results shown here, possibly .50% of the genes expressed in the accessory gland of one species may not be expressed in the same organ of the other species. Nine of 24 (37.5%) D. mojavensis Acps did not have an Acp homolog in D. mayaguana, some of which were among the ones with the highest expression levels in the accessory glands of the former species. These expression differences could be another consequence of the increased selective pressure on Acps of the repleta group.
Alternatively, library differences can be attributed to methodological random bias. Considering the difference between unique sequences in the D. mayaguana library and total gene number estimates, it is possible that by chance some orthologs were not represented in one of the libraries. Another likely source of bias is the difference in the developmental stage of flies used in the two libraries. The D. mojavensis library was done with 5-day-old flies, which are not reproductively mature, while we used a pool of flies ranging from 7-to 12-dayold flies. Therefore, the degree of cross-species conservation of the Acp transcriptome in the repleta group is still unknown, although the results of the comparison between D. mojavensis and D. mayaguana suggest differences at both the gene identity and the gene expression level.
Paralog evolution and neofunctionalization: Fifty percent of the D. mayaguana transcripts are members of gene families. This high incidence of duplicated Acps may, in part, be related to a mutation bias toward duplication of short genes (Nembaware et al. 2002; Lynch and Katju 2004) . Gene duplication is believed to be the main mechanism of emergence of new genes and biological functions. Only recently, with the availability of genomic sequences, has it been possible to study the evolution of duplicated genes in a broader perspective (reviewed in Jordan et al. 2004) . The patterns of paralog evolution, however, are still under debate and analyses of empirical data have given contradictory results (Dermitzakis and Clark 2001; Kondrashov et al. 2002; Castillo-Davis et al. 2004; Jordan et al. 2004) . One problem of genomewide analyses is that they do not usually distinguish recent and old duplicates but rather pool together very different functional categories that may have very different evolutionary constraints. A better scenario for study of the evolution of recently duplicated genes would be one where the paralogs have only one ortholog in a closely related species (Lynch and Katju 2004) . This is the case of most duplicated D. mayaguana Acps.
Our analyses revealed evolutionary patterns compatible with the neofunctionalization hypothesis for the maintenance of duplicated genes (Ohno 1970) for most duplicated Acps, such as adaptive sequence divergence and asymmetrical evolutionary rates. Since, the Acp paralogs are expressed in the same organ and seem to have retained the same biological function, we suggest that the ''neofunctionalization'' in this case would be more of a ''neospecificity'' to female or other male sperm proteins.
Another pattern expected by the neofunctionalization hypothesis is that duplicated genes evolve more slowly in relation to their orthologs than genes in single copy. While some empirical studies corroborate this prediction (Davis and Petrov 2004; Jordan et al. 2004) , others show that duplicated genes actually have faster evolution than singletons (Kondrashov et al. 2002; Nembaware et al. 2002) . These studies, however, are based on comparisons between species much more divergent than D. mayaguana and D. mojavensis and/or on paralogs with a wider range of ages. Among the recently duplicated paralogs studied here, we found that amino acid evolution between paralogs is in fact faster than between these duplicated genes and their orthologs. Yet we found no significant difference in ortholog d N /d S between genes with and without paralogs. Our results suggest that evolutionary rates of duplicated genes show an increase after duplication that persists a short period of time. This is in contrast with results by Nembaware et al. (2002) The gene family cluster that includes Acp1, Acp2, and Acp25 is apparently under different evolutionary forces when compared to the remaining clusters. The site model tests used here show no support for adaptive evolution in the divergence of these paralogs. What selective pressure might account for the maintenance of duplicated copies in this gene family that has orthologs in all the Drosophila species studied so far? It is possible that this cluster represents a case of gene duplicate retention due to subfunctionalization. An alternative explanation comes from the observation that highly expressed genes have a higher chance of being duplicated and maintained in yeast (Seoighe and Wolfe 1999; Davis and Petrov 2004) . The benefit in the dosage level may account for their maintenance in the genome in the absence of neo-or subfunctionalization. This could be the case of this gene family, since Acp1 seems to have high expression levels in both D. mayaguana and D. mojavensis. The other genes of this family were found in intermediate numbers of clones in the D. mayaguana accessory gland library.
